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AB ST R ACT 

P r o p a g a t i o n  c h a r a c t e r i s t i c s  of  t h e  dual-EVA 
communication l i n k s  o v e r  t h e  l u n a r  s u r f a c e  a re  examined. 
Four  d i s t i n c t  r e g i o n s  of  i n t e r e s t  have been found .  At s h o r t  
d i s t a n c e s ,  t h e  d i r e c t  r a y  i s  t h e  dominant mode o f  p r o p a g a t i o n .  
A t  medium d i s t a n c e s ,  s p e c u l a r  r e f l e c t i o n  o c c u r s  c a u s i n g  
i n t e r f e r e n c e  between t h e  d i r e c t  and r e f l e c t e d  r a y s  which r e a c h  
t h e  r e c e i v e  a n t e n n a .  Beyond t h i s  r e g i o n ,  an  i n t e r m e d i a t e  
r e g i o n  e x i s t s  i n  which energy  i s  c o n t r i b u t e d  by  t h e  d i r e c t ,  
r e f l e c t e d  and s u r f a c e  waves.  A f o u r t h  r e g i o n  o c c u r s  a t  
l a r g e  d i s t a n c e s  i n  which t h e  s u r f a c e  wave a l o n e  i s  t h e  domi- 
n a n t  mode of  p r o p a g a t i o n .  

T o t a l  p a t h  loss v e r s u s  d i s t a n c e ,  as w e l l  as o t h e r  
parameters of i n t e r e s t ,  have been  c a l c u l a t e d .  Graphs showing 
t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  a re  a t t a c h e d  t o  p r e s e n t  t h e  
r e s u l t s  i n  a l u c i d  manner.  It i s  hoped t h a t  r e a d y  a c c e s s  to 
t h e  r e s u l t s  c o n t a i n e d  h e r e i n  w i l l  p rove  h e l p f u l  when e v a l u -  
a t i n g  f u t u r e  dual-EVA m i s s i o n  p l a n s .  
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I ,  I N T R O D U C T I O N  

During f u t u r e  Apollo m i s s i o n s ,  b o t h  a s t r o n a u t s  w i l l  
e x i t  o n t o  t h e  l u n a r  s u r f a c e  from t h e  l anded  Lunar Fodu le  ( L M ) .  
A tandem, VHF r a d i o  communication sys tem i s  b e i n g  p r o v i d e d  f o r  
e s t a h l i s h i n g  v o i c e  and t e l e m e t r y  c i r c u i t s  d u r i n g  t h i s  d u a l  e x t r a -  
v e h i c u l a r  a s t r o n a u t  (dual-EVA) a c t i v i t y .  Using t h i s  tandem 
sys t em,  t h e  more d i s t a n t  a s t r o n a u t  ( f rom t h e  LN), EVA-2, may 
e s t a b l i s h  a l i n e - o f - s i g h t  l i n k  t o  EVA-1: i n  t u r n ,  EVA-1 may 
e s t a b l i s h  a l i n e - o f - s i g h t  l i n k  to t h e  LY. T h i s  mode of  o p e r a t i o n  
i s  u s e f u l  when t h e  EVA-2 i s  o u t  of  r a n g e  o f  t h e  LM. 

It i s  t h e  pu rpose  of  t h i s  memorandum t o  i n v e s t i g a t e  
t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  of  t h e  EVA-2 t o  EVA-1 l i n k  and 
t h e  EVA-1 t o  LM l i n k  as a f u n c t i o n  o f  t h e  p a t h  l e n g t h . *  A m a x i -  
mum p a t h  l e n g t h  of  2 k i l o m e t e r s  i s  assumed f o r  e a c h  l i n k .  

11. LUNAR SURFACE MODEL 

I n  o r d e r  t o  s t u d y  t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  of  
t h e s e  p a t h s ,  a model o f  t h e  l u n a r  s u r f a c e  i s  r e q u i r e d .  F o r  each  
l i n k  t h e  s u r f a c e  i s  assumed t o  be  r e l a t i v e l y  f l a t .  F u r t h e r ,  t h e  
s u r f a c e  i s  assumed t o  be rough due to small  b o u l d e r s  and s h a l l o w  
c r a t e r s  which o c c u r  i n  a random f a s h i o n .  A Gauss i an  model hav ing  
z e r o  mean and a s t a n d a r d  d e v i a t i o n ,  Ah, e q u a l  t o  0 . 2 5  m e t e r  i s  
chosen  t o  r e p r e s e n t  s t a t i s t i c a l l y  t h e  rough s u r f a c e .  

Curva tu re  of  t h e  l u n a r  s u r f a c e  i s  a l s o  t a k e n  i n t o  
a c c o u n t  when n e c e s s a r y .  For example,  s l i g h t  changes i n  t h e  
r e f l e c t i o n  c o e f f i c i e n t  due t o  c u r v a t u r e  can  have a l a r g e  e f f e c t  
on t h e  r e s u l t a n t  f i e l d  s t r e n g t h  and t h u s  c u r v a t u r e  i s  t a k e n  i n t o  
a c c o u n t  when c a l c u l a t i n g  r e f l e c t i o n  c o e f f i c i e n t s .  Curva tu re  i s  
i g n o r e d  when computing g r a z i n g  a n g l e s  and p o s i t i o n s  o f  t h e  maxi -  
mums or minimums o f  t h e  r e s u l t a n t  s i g n a l ,  s i n c e  t h i s  would o v e r l y  
c o m p l i c a t e  t h e  c a l c u l a t i o n s  and i s  n o t  o f  s i g n i f i c a n t  impor tance  
a t  d i s t a n c e s  o u t  t o  2 k i l o m e t e r s .  

111. DUAL-EVA. L I N K  PARAMETERS 

Impor t an t  pa rame te r s  a s s o c i a t e d  w i t h  t h e s e  two l i n e -  
o f - s i g h t  l i n k s  a r e  i t e m i z e d  i n  T a b l e  I .  

* 
A s i m i l a r  a n a l y s i s ,  p e r t a i n i n g  t o  dual-EVA c i r c u i t  

l o s s e s  a t  medium t o  l a r g e  d i s t a n c e s ,  and  u s i n g  a method o u t l i n e d  
by Vogler3 ,  h a s  been  p u b l i s h e d  r e c e n t l y  by I .  I.  Rosenblum of 
~ e l l c o m m 5 .  
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Table I - Dual-EVA Link Parameters 

1 Parameter 

f 
h 

d 
h, 

L 

hl 
h~~ 
Ah 

Polarization - 

~ 

EVA-2 to EVA-1 EVA-1 to LM 

2 7 9 . 0  MHz 2 5 9 . 7  MHz 
1.075 m 1.155 m 
2 km (max) 2 km (max) 
1.5 m - 
1.5 m 1.5 m 

7 m  - 
0.25 m 0.25 m 
Vertical Vert i c a1 

where : f = frequency 

A = wavelength 

d = path length 

h2 = EVA-2 antenna height 

hl = EVA-1 antenna height 

= LM antenna height h~~ 
A h = standard deviation of the surface irregularities 

Other parameters related to the geometry of a line-of-sight path 
(with specular reflection) are shown in Figure 1. Note that in the 
region of specular reflection, the incident grazing angle is equal 
to the reflected grazing angle. 

IV. PROPAGATION ANALYSIS 

A. General 

The propagation characteristics of each link vary widely 
as the path length increases from a few meters to two kilometers. 
The direct ray is the dominant mode of propagation at shoY't distances. 
In this mode, energy that strikes the ground is diffusely scattered 
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and little of it reaches the receiver. 
weak compared to the direct ray and contributes little to 
communications capability. 

The surface wave is very 

When the path length is sufficiently large, as deter- 
mined by the Rayleigh criterion, the rough lunar surface begins 
to appear more like a mirror surface due to the small incident 
grazing angle; at this point the surface begins to support a 
coherent reflected ray which reaches the receiver. The reflected 
ray interferes with the direct ray in a constructive o r  destruc- 
tive manner depending on the phase difference of the two rays. 
This mode of propagation is valid as the path length increases 
until the incident grazing angle decreases to tan-’ ( X / ~ I T ~ ~ ) ~ ’ ~ ,  

where r is the lunar radius. At this path length the two-ray 
theory generally becomes invalid’ and an intermediate form of 
propagation occurs until the surface wave becomes dominant at 
greater distances. 

0 

In this analysis the propagation characteristics are 
determined for the specular reflection region and the surface 
wave region. The propagation characteristics of the intermediate 
region between the termination of the specular reflection region 
and the beginning of the surface wave region is determined by 
connecting the two curves. In conclusion the total path loss vs. 
distance is presented for each link for distances varying from a 
few meters to two kilometers. 

B. Direct Ray Clearance 

In order to verify that some clearance for the direct 
ray is provided for all cases,a worst case path configuration 
is chosen for investigation. Thus the EVA-2 to EVA-1 link hav- 
ing antenna heights of 1.5 meters and a path length of 2000 meters 
is used. A 3a height irregularity is assumed at mid-path, i.e., 
an elevation obstacle of 3Ah is assumed to exist midway between 
EVA-2 and E V A - 1 .  In addition the curvature of the lunar surface 
is taken into account in this calculation. See Figure 2 for a 
diagram of the configuration. Thus, 

where : C = clearance over the obstacle (m) 
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= 2000 m max d 

Ah = 0 . 2 5  m 

= 1 . 5  m hl 

S o l v i n g  for C y i e l d s ,  

and t h u s  some c l e a r a n c e  does  e x i s t  even  i n  t h i s  w o r s t  c a s e  s i t -  
u a t i o n .  T h e r e f o r e  t h e  two-ray model u sed  t o  a n a l y z e  the  r e g i o n  
of  s p e c u l a r  r e f l e c t i o n  i s  v a l i d  for e i t h e r  l i n k  w i t h  p a t h  l e n g t h s  
up t o  two k i l o m e t e r s .  

C .  Region of  S p e c u l a r  R e f l e c t i o n  

1. Maximum Graz ing  Angle 

S p e c u l a r  r e f l e c t i o n  o c c u r s  f rom a l l  p o i n t s  w i t h i n  t h e  
F i r s t  F r e s n a l  e l l i p s e  p rov ided  t h a t  t h e  s t a n d a r d  d e v i a t i o n  o f  
t h e  i r r e g u l a r i t i e s  w i t h i n  t h e  e l l i p s e  s a t i s f i e s  t h e  f o l l o w i n g  
r e l a t i o n * .  

S i n c e  Ah has been  p o s t u l a t e d  t o  be  0 . 2 5  meters i n  t h e  e n t i r e  
l a n d i n g  a rea ,  t h e  maximum g r a z i n g  a n g l e  f o r  s p e c u l a r  r e f l e c t i o n  
t o  o c c u r  i s  g i v e n  b y :  

-1 x = sin - ymax 2 

R e f e r r i n g  t o  T a b l e  1 f o r  v a l u e s  of  1, maximum g r a z i n g  a n g l e s  of  
0.567 r a d i a n s  and 0 . 6 1 7  r a d i a n s  are  o b t a i n e d  f o r  t h e  EVA-2 to 
EVA-1 and  EVA-1 t o  LM l i n k s , r e s p e c t i v e l y .  

2 .  Minimum Graz ing  Angle 

A s  ment ioned p r e v i o u s l y  t h e  minimum g r a z i n g  a n g l e  f o r  
s p e c u l a r  r e f l e c t i o n  i s  g iven  by :  

113 
ymin = tan-'  (A) 2Trro 
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Using t h i s  r e l a t i o n ,  minimum g r a z i n g  a n g l e s  o f  4 . 6 1  m i l l i r a d i a n s  
and 4 . 7 4  m i l l i r a d i a n s  a re  o b t a i n e d  f o r  t h e  EVA-2 t o  EVA-1 and 
EVA-1 t o  LM l i n k s ,  r e s p e c t i v e l y .  

3.  Minimum P a t h  Lengths  

The minimum p a t h  l e n g t h  f o r  s p e c u l a r  r e f l e c t i o n  I s  

For  t h e  EVA-2 t o  EVA-1 l i n k ,  

r e l a t e d  t o  ymax as f o l l o w s .  

T h e r e f o r e  t h e  minimum p a t h  l e n g t h ,  d - 5 met2rs .  min .- 

For  t h e  EVA-1 t o  LM l i n k ,  

- - h~~ - 
- t a n  Ymax  ; dmin dl min + d~~ min 

hl - - 
dl min d~~ min 

T h e r e f o r e  t h e  minimum p a t h  l e n g t h ,  d - 12 meters .  min - 
4 .  Maximum P a t h  Lengths  

The maximum p a t h  l e n g t h  f o r  s p e c u l a r  r e f l e c t i o n  i s  
r e l a t e d  t o  ymin as f o l l o w s .  

Fo r  t h e  EVA-2 t o  EVA-1 l i n k ,  

T h e r e f o r e  dmax 1 650 meters, 

For  t h e  EVA-1 t o  LM l i n k ,  

T h e r e f o r e  dmax 1 8 0 0  m e t e r s .  
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- 
Parameter EVA-2 t o  EVA-1 EVA-1 t o  LM 

5.  Summary o f  S p e c u l a r  R e f l e c t i o n  Parameters 

0 .567  r a d i a n s  

4 . 6 1  m i l l i r a d i a n s  

5 meters 

650 meters 

I ymax 

Ymin 

dmin 

max d 

The maximum and minimum v a l u e s  of  g r a z i n g  a n g l e s  and 
p a t h  l e n g t h s  f o r  s p e c u l a r  r e f l e c t i o n  t o  o c c u r  are summarized 

0.617 r a d i a n s  

4 . 7 4  m i l l i r a d i a n s  

1 2  meters 

1800 meters 

below. 

D .  D e t e r m i n a t i o n  o f  t h e  R e f l e c t i o n  C o e f f i c i e n t  

1. Genera l  

When t h e  p a t h  l e n g t h s  a re  w i t h i n  t h e  l i m i t s  d e f i n e d  
i n  T a b l e  11, s p e c u l a r  r e f l e c t i o n  w i l l  o c c u r .  The amount o f  t h e  
s i g n a l  r e f l e c t e d  i s  r e l a t e d  t o  t h e  i n c i d e n t  s i g n a l  by  t h e  
r e f l e c t i o n  c o e f f i c i e n t  i . e .  Er = REi. 
(RMS) i s  g i v e n  b y  : 

- 
The r e f l e c t i o n  c o e f f i c i e n t  

2 

where: = r e f l e c t i o n  c o e f f i c i e n t  o f  smooth and p l a n a r  
l u n a r  s o i  1 RO 

D = d i v e r g e n c e  c o e f f i c i e n t  caused  by c u r v a t u r e  of 
t h e  lunar s u r f a c e  

= c o r r e c t i o n  f a c t o r  t o  accoun t  f o r  t h e  p r e s e n c e  
of rough s u r f a c e  r a the r  t h a n  smooth s u r f a c e .  ORMS 

E q u a t i o n s  f o r  e a c h  of t h e s e  parameters are se t  f o r t h  below.  I n  
d e t e r m i n i n g  the  g r a z i n g  a n g l e ,  y ,  a smooth p l a n a r  s u r f a c e  i s  assumed; 
t h e  parameters pRMS and D c o r r e c t  f o r  t h e  p r e s e n c e  of  rough and 
cu rved  s u r f a c e  as e x p l a i n e d  above.  
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2. Reflection Coefficient of Smooth Lunar Soil 
For vertical polarization 2 , 

2 E 

- r s i n y  - 7/T - cos y 
"r "r 

and, 

E r = E / E ~  - j ( 6 o ) x o  

where : E = complex dielectric constant of surface material 

E = dielectric constant of surface material 

E = dielectric constant of free space 

u = surface conductivity (mhos/meter) 

"r 
1-1 = magnetic permeability of surface material 

r 

0 

= relative magnetic permeability of surface material 

= magnetic permeability of free space 
1-10 

-3 For the lunar surface 3 vr : 1, E / E ~  :: 2 and u :: 10 . 

Thus, for values of y greater than the Brewster angle, 

r 

2 - 2 siny - 7 1 2  - cos y 

Ro - 2 
2 siny t v2 - cos y 
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3 .  Divergence  C o e f f i c i e n t  

The d i v e r g e n c e  c o e f f i c i e n t  i s  s t r i c t l y  a f u n c t i o n  o f  
t h e  p a t h  geometry and i s  g i v e n  b y 2 :  

1 D =  

* d l d 2  
r 0 ( d l t d 2 ) s i n y  

where ro i s  t h e  l u n a r  r a d i u s  and t h e  o t h e r  p a r a m e t e r s  a re  shown 
i n  F i g u r e  1. 

4 .  Rough S u r f a c e  C o r r e c t i o n  F a c t o r  

The c o r r e c t i o n  f a c t o r ,  pRMS,  i s  g i v e n  i n  terms of  i t s  

mean s q u a r e  v a l u e  b y  t h e  f o l l o w i n g  r e l a t i o n * :  

where : 

4 n A h  s i n y  
A A D  = 

5 .  The R e f l e c t i o n  C o e f f i c i e n t  

S i n c e  a l l  t h e  above p a r a m e t e r s  ,,ave been  d e f i n e d ,  t h e  
v a l u e s  of  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  R ,  v s .  d i s t a n c e ,  d ,  can  
b e  d e r i v e d  w i t h i n  t he  l i m i t s  o f  d s e t  f o r t h  i n  Tab le  11. The 
r e s u l t s  f o r  each  l i n k  a r e  p r e s e n t e d  i n  F i g u r e s  3 th rough  6 .  

E .  RECEIVED SIGNAL I N  THE R E G I O N  OF SPECULAR REFLECTION 

AS t h e  d i s t a n c e  between t e r m i n a l s  v a r i e s  w i t h i n  t h e  
r e g i o n  of s p e c u l a r  r e f l e c t i o n ,  i n t e r f e r e n c e  between t h e  d i r e c t  
r a y  and t h e  r e f l e c t e d  r a y  o c c u r s .  Maximum r e c e i v e  s i g n a l  
s t r e n g t h  o c c u r s  when t h e  d i r e c t  r a y  and the  r e f l e c t e d  r a y  a re  i n  
Dhase a t  t h e  r e c e i v e r  w h i l e  minimum r e c e i v e  
Occurs when t h e  r ays  a re  out -of -phase .  

s i g n a l  s t r e n g t h  
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R e l a t i v e  phase d i f f e r e n c e s  between t h e  two r a y s  are  
caused  b y  d i f f e r e n c e s  i n  p a t h  l e n g t h  and a p h a s e  r e v e r s a l  o f  t he  
r e f l e c t e d  r a y  a t  t h e  ground p l a n e , i . e . ,  4 = e L  t B R .  

The p a t h  l e n g t h  d i f f e r e n c e  (see F i g u r e  1) i s  g i v e n  b y :  

and s i n c e ,  

t h e n ,  

d = dl t d2 and hl - = - h 2  
d, d, I z 

2 
If d > > ( h l  - h 2 l 2  t h e n ,  

t 2 hlh2 + hl 2 
h 2  ( h 2  t h1l21  

6 = d [ l t  2d2 j 2d a -  d =  

Thus , 
- 6 2 n  = ~d IT ( h 2  2 t 2hlh2 + h12) e L  - x 

If h2  1 hly t h i s  e q u a t i o n  can be s i m p l i f i e d  t o ,  

- 41T 
e L  - xd h l h 2  

P rov ided  OR = IT, t h e  r e l a t i v e  phase d i f f e r e n c e  between t h e  d i r e c t  
r a y  and t h e  r e f l e c t e d  ray i s  g i v e n  b y :  

(iz2 * h l h 2  + h12 + l j  
Ad $ = n  
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The r e s u l t a n t  f i e l d  i s  o b t a i n e d  b y  v e c t o r  a d d i t i o n  
o f  t h e  r e f l e c t e d  r a y  t o  t h e  d i r e c t  r a y .  It i s  assumed t h a t  
t he  d i r e c t  and  r e f l e c t e d  r a y  s i g n a l  s t r e n g t h s  are  m o d i f i e d  b y  
t h e  a n t e n n a  p a t t e r n s .  The e f f e c t  of  t he  a n t e n n a  p a t t e r n s  
becomes more n o t i c e a b l e  a t  s h o r t  d i s t a n c e s .  

Let t h e  d i r e c t  and r e f l e c t e d  s i g n a l s  a t  t h e  i n p u t  t o  
the  r e c e i v e r  b e  g i v e n  b y ,  

where : 

E, = s i g n a l  s t r e n g t h  o f  d i r e c t  r a y  a t  r e c e i v e r  
i n p u t  ( p r o v i d e d  t h e  a n t e n n a  h e i g h t s  a re  
e q u a l ,  and n e g l e c t i n g  c u r v a t u r e )  

gTD = t r a n s m i t  a n t e n n a  g a i n  f o r  the d i r e c t  r a y  

= t r a n s m i t  a n t e n n a  g a i n  f o r  t h e  r e f l e c t e d  r a y  

= r e c e i v e  a n t e n n a  g a i n  f o r  t he  d i r e c t  r a y  

gRR = r e c e i v e  a n t e n n a  g a i n  f o r  t he  r e f l e c t e d  r a y .  

~ T R  

~ R D  

The r e s u l t a n t  f i e l d , E ,  i s  g i v e n  b y :  

where ER i s  d i s p l a c e d  i n  a n g l e  f r o m E  by 4 ( s e e  F i g u r e  7 ) .  D 

It i s  i n t e r e s t i n g  t o  d e t e r m i n e  t h e  r a t i o  of  t h e  
magni tude  o f  t h e  r e s u l t a n t  f i e l d  t o  t he  magnitude of  t h e  d i r e c t  
f i e l d  a l o n e  i n  o r d e r  t o  e s t a b l i s h  t h e  e f f e c t s  of i n t e r f e r e n c e  
b y  t h e  r e f l e c t e d  r a y .  Thus,  

s i n $ ) 2  + ( E ~  + c o s + )  2 E 2  = (ER 

which y i e l d s ,  



I 

BELLCOMM. INC.  - 11 - 

The norma l i zed  g a i n  f u n c t i o n s  of  t h e  v e r t i c a l  d i p o l e s  a w r o x i m a t e  
a cos0 p a t t e r n  i n  t h e  v e r t i c a l  p l a n e .  Thus f o r  large d i s t a n c e s  
and n e a r l y  e q u a l  a n t e n n a  h e i g h t s  t he  g a i n  f u n c t i o n s  are  n e a r  
u n i t y  whi le  f o r  s h o r t  d i s t a n c e s  t h e  g a i n s  a re  less  t h a n  u n i t y .  
The above a p p l i e s  o n l y  t o  t h e  r e g i o n  o f  s p e c u l a r  r e f l e c t i o n  as 
d e f i n e d  i n  T a b l e  11. 

F o r  t h e  EVA-2 t o  EVA-1 l i n k ,  hl = h 2  and t h u s  
- - gRD = 1 a n d ,  

~ T D  

For t h e  EVA-1 t o  LM l i n k ,  

The E/Eo v s .  d c u r v e  i s  p l o t t e d  i n  F i g u r e s  8 and 9 f o r  t h e  
r e g i o n  o f  s p e c u l a r  r e f l e c t i o n  f o r  these  two l i n k s .  

F .  Region of S u r f a c e  Wave Dominance 

1. G e n e r a l  

Immediately beyond the  r e g i o n  o f  s p e c u l a r  r e f l e c t i o n  
an  i n t e r m e d i a t e  r e g i o n  e x i s t s  i n  which t h e  r e c e i v e d  energy i s  
c o n t r i b u t e d  by d i r e c t ,  r e f l e c t e d  and s u r f a c e  waves.  T h i s  r e g i o n  
i s  d i f f i c u l t  t o  a n a l y z e  s i n c e  t he  r e l a t i v e  a m p l i t u d e  and phase  of  

each  component i s  d i f f i c u l t  t o  p r e d i c t  . 1 

A t  s t i l l  g r e a t e r  d i s t a n c e s ,  however,  t h e  s u r f a c e  wave 
becomes t h e  dominant s o u r c e  o f  r e c e i v e  e n e r g y .  T h i s  r e g i o n  can  
b e  de t e rmined  u s i n g  a method p r e s e n t e d  by Norton . Provided  t h e  
a n t e n n a  h e i g h t s  a re  l e s s  t h a n  2000/f m H z ( f e e t )  t he  r e g i o n  i n  
which t h e  s u r f a c e  wave i s  dominant i s  d e f i n e d  b y  r e q u i r i n g  t h a t  
t h e  f o l l o w i n g  t h r e e  i n e q u a , l i t i e s  be s a t i s f i e d .  

4 
2 /  3 
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where : 

- 1 2  - 

p = t h e  n u m e r i c a l  d i s t a n c e  

q = t h e  n u m e r i c a l  a n t e n n a  h e i g h t  

These p a r a m e t e r s  a r e  d e f i n e d  by Norton as f o l l o w s :  

'(rl ' '2) cos2 b?? 
P =  x x c o s  b f  

ij2 
- - *' h 1 , 2  [cos' b"  1 

q 1 , 2  x x cos  b '  

where: 

x = 1 8 0 0 0  O f m H z  

b '  = t a n  -1 [ ( E - c o s  2 y)/xl 

-1 b"  = t a n  ( E / x )  

and  a l l  o t h e r  symbols have been d e f i n e d  p r e v i o u s l y .  

Using t h i s  method the  d i s t a n c e  a t  which t h e  s u r f a c e  
wave becomes dominant can  b e  c a l c u l a t e d  f o r  b o t h  t h e  EVA-2 t o  
EVA-1 and t h e  EVA-1 t o  LM l i n k s  as shown below.  

2. EVA-2 t o  EVA-1 Link 

S i n c e  h = h 2  = 1 . 5  meters and f = 279.0 mHz t h e  1 
r e l a t i o n  h < 2 0 0 0 / f 2 / 3  ( f ee t ) i s  s a t i s f i e d .  Thus,  t h e  o t h e r  
p a r a m e t e r s  a r e  c a l c u l a t e d  as f o l l o w s :  

X H Z  

cos  y 1 1, x = 0.0645 

* * *  cos  b '  = 0.06424; C O S  b"  = 0.03228 
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Id*~7w f r o r i  t h e  p r e v i o u s  e q u a t i o n s  

q1 = q 2  = 4 . 4  

and u s i n g  t h e  r e l a t i o n  t h a t  rl t r2 = d y i e l d s ,  

S i n c e  1 0  g,q, = 194 and 100 (qi t q 2 )  = 880 
I L  

t h e n  

p = 0.75d. 880 

s a t i s f i e s  a l l  t h r e e  r e q u i r e m e n t s  s t a t e d  p r e v i o u s l y  and t h e r e f o r e  

d > 1 2 0 0  me te r s  

d e f i n e s  t h e  r e g i o n  o f  s u r f a c e  wave dominance f o r  t h i s  l i n k .  

3. EVA-1 to LM Link 

S i n c e  hl = 1 . 5  meters ,  hLM = 7 m e t e r s  and f = 2 5 9 . 7  m3z ,  
t h e  r e l a t i o n  h < 2000/f 2 /  mHz 3 ( f e e t ) i s  s a t i s f i e d  for e i t h e r  a n t e n n a .  
Thus,  t h e  o t h e r  p a r a m e t e r s  a r e  c a l c u l a t e d  as f o l l o w s :  

c o s  y 1 1, x = 0 . 0 6 9 4  

*'* cos  b '  = 0 . 0 6 9 1 8  ; cos  b "  = 0 . 0 3 4 6 1  

i low from t h e  p r e v i o u s  e q u a t i o n s ,  

and 

p = 0 . 6 8  d 

S i n c e  1 0  q1q2 = 776 and 100(q l  + q2) = 2308 
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p = 0.68 d > 2308 

and therefore, 

d > 3400 meters 

defines the region of s.Jrface wave dominance f o r  this link. 

G. Receive Signal in the Region of Surface Wave Dominance 

By using Norton's method it can be shown that in 
the region of surface wave dominance, 

where : 

f(ql), f(q2) = the antenna height gain functions 
of the two antennas. 

Now 

Using the values derived for p and q in the previous sections 
yields the following results. 

EVA-2 to EVA-1 link: E E - -  - 2 7 * 5  , d > 1200 m. 
0 

E 117'5 d > 3400 m. EVA-1 to LM link : - = d '  EO 

These equations have been combined with the results of Figures 
9 and 10 to obtain E/Eo vs. d graphs over the entire range of 
interest. For intermediate ranges defined by the end of the 
region of specular reflection to the beginning of the region of 
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s u r f a c e  wave dominance, t he  E/Eo v s .  d c u r v e  i s  s imply  a connec- 
t i o n  o f  t h e  two d e r i v e d  c u r v e s .  The r e s u l t s  f o r  each  l i n k ,  p l o t -  
t e d  i n  d b ,  a re  shown i n  F i g u r e s  1 0  and 11. Note t h a t  o n l y  t h o s e  
r e s u l t s  t h a t  e x t e n d  o u t  t o  2000 meters r a n g e  a re  o f  i n t e r e s t  and 
t h u s  t h e  r e g i o n  of s u r f a c e  wave dominance f o r  t he  EVA-1 to LM 
l i n k  which b e g i n s  a t  3400  me te r s  s e r v e s  o n l y  t o  l o c a t e  t h e  c u r v e  
i n  t h e  i n t e r m e d i a t e  r e g i o n  f o r  t h i s  p l o t .  

T o t a l  p a t h  l o s s  i s  o b t a i n e d  by a d d i n g  t h e  p a t h  l o s s  
i n  e x c e s s  o f  f r ee  s p a c e ,  as shown i n  F i g u r e s  1 0  and 11, t o  t h e  
f r e e  s p a c e  l o s s .  The f r e e  space  loss for t h e s e  two l i n k s  i s  
g i v e n  by : 

EVA-2 to EVA-1 Link:  

EVA-1 t o  LM l i n k  : 

LFs = 21.35 + 20 l o g  d 

LFs = 20.75 + 20 l o g  d 

where d i s  measured i n  meters. T o t a l  p a t h  l o s s  i s  shown i n  
F i g u r e s  1 2  and  1 3 .  

V. CONCLUSIONS 

P r o p a g a t i o n  c h a r a c t e r i s t i c s  of  t h e  dual-EVA l i n e -  
o f - s i g h t  communication l i n k s  o v e r  t h e  l u n a r  s u r f a c e  have b e e n  
examined.  Four  d i s t i n c t  r e g i o n s  o f  p r o p a g a t i o n  have b e e n - i d e n -  
t i f i e d  and a n a l y z e d  a s  d i s c u s s e d  be low.  

At d i s t a n c e s  up t o  a f e w  meters,  t h e  d i r e c t  r a y  i s  
t h e  dominant mode o f  p r o p a g a t i o n .  S i n c e  d i f f u s e  s c a t t e r i n g  
o c c u r s  a t  t h e  ground f o r  s h o r t  p a t h  l e n g t h s ,  l i t t l e  or no fad- 
i n g  o c c u r s  a t  t h e  r e c e i v e r .  

F o r  medium d i s t a n c e s ,  i . e . ,  5 t o  650  m e t e r s  for t h e  EVA-2 
t o  EVA-1 l i n k  and 12 t o  1 8 0 0  meters f o r  t h e  EVA-1 t o  LM l i n k ,  
s p e c u l a r  r e f l e c t i o n  o c c u r s  a t  t h e  ground.  Thus,  c o n s t r u c t i v e  
or d e s t r u c t i v e  i n t e r f e r e n c e  o c c u r s  a t  t h e  r e c e i v e  a n t e n n a  depend- 
i n g  on t h e  r e l a t i v e  phase  o f  t h e  d i r e c t  and r e f l e c t e d  r a y s .  

Beyond t h e  r e g i o n  of  s p e c u l a r  r e f l e c t i o n ,  an  i n t e r -  
mediate r e g i o n  e x i s t s  i n  which ene rgy  i s  c o n t r i b u t e d  by d i r e c t ,  
r e f l e c t e d  and s u r f a c e  waves. 

The f o u r t h  r e g i o n  o f  i n t e r e s t  i s  t h a t  where t h e  
s u r f a c e  wave i s  dominant .  T h i s  r e g i o n  b e g i n s  a t  l a r g e  d i s t a n c e s ,  
i . e . , 1 2 0 0  meters and 3400  m e t e r s  f o r  t h e  EVA-2 t o  EVA-1 l i n k  and 
EVA-1 t o  LM l i n k ,  r e s p e c t i v e l y .  
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T o t a l  p a t h  loss f o r  a l l  of these  r e g i o n s  have been  
d e r i v e d  a c c o r d i n g  t o  t h e  methods o u t l i n e d  i n  t h i s  memorandum. 
R e s u l t s  f o r  the  two l i n k s  a r e  shown i n  F i g u r e s  1 2  and 1 3 .  It  
i s  hoped t h a t  r e a d y  a c c e s s  t o  t h e s e  r e s u l t s  w i l l  p r o v e  h e l p f u l  
when e v a l u a t i n g  f u t u r e  dual-EVA m i s s i o n  p l a n s .  

2034-KHS-bw K .  H .  Schmid 
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F I G U R E  2 - GEOMETRY (EXAGGERATED) FOR CALCULATING WORST CASE PATH CLEARANCE 
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